The steady-state and transient dynamics of phase locking in a two-element Nd:YAG laser array have been studied.
The dynamics of phase locking in evanescent coupled laser arrays has been a subject of considerable interest in recent years. Sustained pulsation and irregular spiking phenomena in the picosecond time scale have been observed in the semiconductor laser arrays.' These phenomena have been attributed to the nonlinear interaction between oscillators. 2 ' 3 While the dynamics of coupled lasers has been extensively modeled in recent literature, 2 -7 there has been no systematic experimental confirmation of the theoretical predictions. Most of the laser arrays used in the previous experimental studies contained a large number of elements. The complexity of the system of a 10-element array (often containing 10 sets of differential equations of field amplitude, phase, and population inversion') makes it difficult to relate the observed phenomena to the device parameters. Furthermore, there also exists discrepancy between the observed and predicted dynamical behavior. For example, the development of phase locking in a semiconductor laser array is found to take place within 100 ps.1 However, the numerical modeling based on the rate equations for the electric fields with a coupling term predicted a time constant of the order of 10 ns. 2 In this Letter we report an experimental study of phase locking in a two-element evanescence-wavecoupled Nd:YAG laser array. The two-element array has the fewest numbers of dynamic variables. Compared with semiconductor lasers, Nd:YAG is a simpler system because there is no amplitude-phase coupling and other complications such as gain guiding and carrier diffusion. 7 We believe that this Nd:YAG laser array provides the most transparent system for establishing the essence of the phase-locking processes. With diode pumping, the separation between the elements can be continuously varied by adjusting the positions of the pumping beams. This enables us to investigate the dynamics of the array for a wide range of coupling strength to provide a test of the predictions of nonlinear dynamics based on the coupled-mode analysis. Recently, a similar photopumping technique has been used for studying the coherence and noise characteristics in a two-element Nd:YAG laser array. 8 The experimental setup and the far-field profile of the laser array are shown in Fig. 1 . Two 808-nm AlGaAs/GaAs diode lasers are used to end pump a Nd:YAG 6talon to create two lasing filaments, each operating in the fundamental transverse mode. The diameter of the pumping beams is 50 Am. The threshold pumping power is 80 mW. The two end surfaces of the YAG 6talon are polished flat and parallel to within 1 arcsec and are coated for 100% and 95% reflectivity at 1064 nm. The residual wedge of the 6talon results in a detuning as high as a few megahertz between the two elements owing to the small cavity length difference. The frequency detuning can be eliminated by rotating the 6talon about the axis of propagation.
The transverse mode of the individual element is mainly determined by the thermally induced refractive-index waveguide.9 In Nd:YAG, the refractive-index increase, AnT, with respect to temperature is 7 X 10-6 /K.' 0 The thermally induced refractive-index change can be measured by the shift of the beat frequency of two unlocked laser elements as the pump power of one of the elements is varied. In our experiment, the refractive-index step is measured to be 2 X 10-6, corresponding to a temperature rise of 0.3 K. The imaginary part of the refractive index, estimated from the mirror loss of the cavity, is 4 x 10-7. When the two elements are separated by a large distance, the far-field pattern has a Gaussian-like pattern that is the incoherent addition of the patterns of the individual elements. Phase locking is observed when the separation is less than 1000 Aum, corresponding to a coupling strength" of 5 X 10-4. At this point, the far-field intensity distribution exhibits a two-lobed pattern with a dark fringe at the center, as expected of the interference pattern of two coherent sources with a phase difference of v.
To study the turn-on dynamics of the laser arrays, the cw laser arrays are momentarily turned off for a 250-ns period, and the recovery process from below the threshold to the steady-state intensity is recorded. Figure 2 shows the simultaneous time series of the intensities measured with two detectors placed at the peak and the valley of the far-field intensity distribution. The intensity undergoes a simple relaxation oscillation whose damping time constant is comparable with that of the relaxation oscillation of the individual element. Most notably, the intensity at the center of the far-field pattern is zero as soon as the lasing begins and remains the same throughout the process. This suggests that phase locking is developed as fast as the occurrence of the first peak of the relaxation oscillation, and the development of phase locking does not undergo an evolutionary process. Furthermore, once the coupling is strong enough to ensure phase locking, the fast locking is independent of the coupling strength. We have also found that any perturbation in the pumping power of one of the elements is instantly transmitted to the other without a time delay.
We have first attempted to model the array dynamics by treating the effect of coupling by a coupling 
where Ni is the population inversion, E, is the field amplitude of the individual lasers, and A\p is the phase difference of the two elements. The other parameters are the differential gain g', the coupling coefficient K = 7n/ccr, the threshold population inversion Nth, the frequency detuning Awo, the pump rate P, the photon lifetime r,, and the lifetime of the excited state r,. The calculated intensities at the valley and peak of the two-lobed far-field pattern, cor- In a generic sense, we can put the above in the following light. In a laser system, the spontaneous emission photons that experience the largest modal gain (or the least threshold) can initiate the lasing. In our case, the mode of the lowest threshold is the in Fig. 3 , the modeling cannot explain the observed instant locking. While the inclusion of the imaginary part of the coupling strength tends to shorten the time of phase locking, the instant locking cannot be explained with any complex coupling strength of a realistic magnitude. Furthermore, the coupledoscillator theory predicts that the perturbation to one of the elements could be felt by the other after an energy-transfer time. 5 This again disagrees with the observation of instant transmission. These disagreements have prompted us to reexamine the coupled-mode model. The previously ascribed view on laser arrays is treating each laser with individual gain as an individual oscillator and then coupling them together nonlinearly to produce the phase-locked output. The implicit assumption is that the individual laser can oscillate first. Instead, our numerical calculation for the waveguide structure indicates that this basic assumption is violated. As shown in Fig. 4 , the numerically calculated confinement factors for the eigenmodes of the composite waveguide are always higher than that of the individual waveguide. Thus the analysis using the eigenmodes of the individual waveguides, El and E 2 , as the bases is not applicable because these modes cannot oscillate owing to the less favorable gains. 
